There are limited treatment options for carbapenem-resistant Gram-negative infections. Currently, there are suggestions in the literature that combination therapy should be used, which frequently includes antibiotics to which the causative pathogen demonstrates in vitro resistance. This case-control study evaluated risk factors associated with all-cause mortality rates for critically ill patients with carbapenem-resistant Gram-negative bacteremia. Adult patients who were admitted to an intensive care unit with sepsis and a blood culture positive for Gram-negative bacteria resistant to a carbapenem were included. Patients with polymicrobial, recurrent, or breakthrough infections were excluded. Included patients were classified as survivors (controls) or nonsurvivors (cases) at 30 days after the positive blood culture. Of 302 patients screened, 168 patients were included, of whom 90 patients died (53.6% [cases]) and 78 survived (46.4% [controls]) at 30 days. More survivors received appropriate antibiotics (antibiotics with in vitro activity) than did nonsurvivors (93.6% versus 53.3%; P < 0.01). Combination therapy, defined as multiple appropriate agents given for 48 h or more, was more common among survivors than nonsurvivors (32.1% versus 7.8%; P < 0.01); however, there was no difference in multiple-agent use when in vitro activity was not considered (including combinations with carbapenems) (87.2% versus 80%; P ‫؍‬ 0.21). After adjustment for baseline factors with multivariable logistic regression, combination therapy was independently associated with decreased risk of death (odds ratio, 0.19 [95% confidence interval, 0.06 to 0.56]; P < 0.01). These data suggest that combination therapy with multiple agents with in vitro activity is associated with improved survival rates for critically ill patients with carbapenem-resistant Gram-negative bacteremia. However, that association is lost if in vitro activity is not considered.
C
arbapenem resistance among Gram-negative bacteria has been increasingly reported (1) . Between 2004 and 2008, the proportion of Klebsiella pneumoniae isolates resistant to meropenem in the United States increased from 0.6% to 5.6% (2) . In certain geographic areas, such as New York City, prevalence rates are substantially higher and carbapenem resistance is considered endemic (3) . Additionally, carbapenem resistance is a significant problem for critically ill patients admitted to an intensive care unit (ICU), as an ICU stay has consistently been shown to be an independent predictor of the acquisition of a carbapenem-resistant Gram-negative infection (4, 5) .
Furthermore, outcomes of carbapenem-resistant Gram-negative bacteremia are known to be poor. Infections with carbapenem-resistant Gram-negative organisms are associated with increased mortality rates, compared to carbapenem-susceptible organisms, and mortality rates are exceedingly high for these infections (4) (5) (6) (7) (8) . In fact, attributable mortality rates for carbapenem-resistant Klebsiella pneumoniae bacteremia are as high as 50% (9) . Additionally, outcomes such as hospital length of stay are worsened with carbapenem-resistant Gram-negative infections (4, 7, 8) .
Unfortunately, there are limited treatment options available for carbapenem-resistant Gram-negative infections, because these organisms are typically resistant to all beta-lactams and other classes of antimicrobials in addition to carbapenems. Treatment options may include tigecycline, colistin, and/or aminoglycosides (10) ; however, the optimal treatment strategy for carbapenem-resistant Gram-negative infections has yet to be identified. Some recently published studies suggest that combination therapy is associated with improved survival rates, compared with monotherapy (11) (12) (13) . Although the definitions of combination therapy varied in those studies, combination therapy regimens have commonly included the use of agents to which the causative pathogen demonstrates in vitro resistance. For example, in two studies of carbapenemase-producing Klebsiella pneumoniae bacteremia, a combination regimen including a carbapenem was associated with increased survival rates (11, 12) . The use of a carbapenem for carbapenem-resistant Gram-negative infections is suggested based on in vitro synergistic activity and clinical experience with the drugs in combination with other antimicrobials (14) ; however, the data are inconsistent, and in vitro synergy is difficult to predict (15) . Furthermore, the practice of using antimicrobials to which the causative organism displays in vitro resistance to treat an infection seems counterintuitive, even when the antimicrobials are used in combination with agents with in vitro activity.
Although there are suggestions in the literature that combination therapy is associated with improved survival rates, previous definitions of combination therapy did not consistently base the combination therapy on in vitro activity; therefore, it is still unknown whether combination therapy with two or more agents with in vitro activity is associated with decreased mortality rates. The purpose of this study is to evaluate the effect of combination therapy based on in vitro activity, compared with multiple antimicrobial use when in vitro activity is not considered, on 30-day all-cause mortality rates among patients admitted to an ICU with sepsis due to carbapenem-resistant Gram-negative bacteria.
MATERIALS AND METHODS
Study design. This case-control study included adult patients at least 18 years of age who were admitted to an ICU at the time of or within 12 h after a positive blood culture for a carbapenem-resistant Gram-negative organism. Carbapenem resistance was defined based on Clinical and Laboratory Standards Institute (CLSI) guidelines for carbapenem resistance, i.e., MIC greater than 1 g/ml for ertapenem or 2 g/ml for doripenem, imipenem, or meropenem (16) . A modified Hodge test was performed on all Enterobacteriaceae isolates, as described previously (17) . For study inclusion, patients were also required to have sepsis, which was considered the presence of at least 2 of 4 possible systemic inflammatory response syndrome (SIRS) characteristics (18) . Patients were excluded if they had a polymicrobial bloodstream infection, a recurrent infection with a carbapenemresistant organism, or a breakthrough infection (3) . A recurrent infection was considered any bloodstream infection with another carbapenem-resistant organism within the previous 6 months. A breakthrough infection was defined as having a positive blood culture despite receiving appropriate antimicrobial treatment (antibiotics with in vitro activity) for the organism of interest for more than 12 h. Breakthrough infections were excluded due to concerns regarding possible inadequate source control. Cases were identified as patients with carbapenem-resistant Gram-negative bacteremia who died from any cause at or before 30 days after the positive blood culture. Control patients were patients who survived 30 days. The study was performed at a large, tertiary-care, academic medical center and was approved by the Cleveland Clinic institutional review board (Cleveland, OH).
Data collection and outcomes. Data, including demographic information, severity of illness, type of organism, source of infection, and antimicrobial therapy, were collected from the electronic or paper medical records and microbiological database. Baseline severity of illness was assessed through the acute physiology and chronic health evaluation II (APACHE II) score (19), Charlson comorbidity index (CCI) score (20) , sequential organ failure assessment (SOFA) score (21) , and baseline laboratory markers and vital signs. The source of infection was identified by review of the electronic records and microbiological database. The source of infection was further stratified into 3 categories based on mortality risk, i.e., high (Ͼ20%), moderate (10 to 20%), or low (Ͻ10%) (22) . Data collected regarding antimicrobial therapy included antibiotic susceptibility, MIC, daily antibiotic use for the first 14 days after the positive blood culture, and time to appropriate antibiotic initiation after the positive blood culture.
Antibiotics evaluated for daily use included tigecycline, colistin, aminoglycosides, and beta-lactams. Loading doses were given for colistin and tigecycline. Subsequently, colistin was administered at 4.5 mg/kg of body weight/day, divided into doses administered every 8 h. Aminoglycosides were administered according to extended-interval dosing when applicable (5 to 7 mg/kg every 24 h for gentamicin and tobramycin and 15 to 18 mg/kg every 24 h for amikacin). Beta-lactams, including carbapenems, were administered by bolus infusion. Doses were adjusted based on creatinine clearance values if necessary.
The primary objective was to examine the prevalence of combination therapy, which was considered the concomitant use of Ն2 appropriate agents for Ն48 h within the first 14 days after the positive blood culture, for nonsurvivors (cases) and survivors (controls). Appropriate therapy was considered therapy with in vitro activity against the pathogen of interest and was defined according to published MIC breakpoints for carbapenem resistance, including those of the CLSI and the European Committee on Antimicrobial Susceptibility Testing (EUCAST), taking into account pharmacokinetic and pharmacodynamic parameters along with standard dosing (Table 1) (16, 23) . When there was a discrepancy between published guidelines, the more conservative breakpoint was selected. Isolate identification and antimicrobial susceptibility testing were performed with the Vitek 2 automated system (bioMérieux, Durham, NC). A secondary objective of this study was to evaluate the impact of multiple-agent use, defined as the concomitant use of Ն2 agents with Gram-negative activity for Ն48 h within the first 14 days after the positive blood culture, when the appropriateness of therapy was not considered (11) . Carbapenems were included as a component of multiple-agent use and were considered to be associated with resistance for the in vitro sensitivity analysis. An additional analysis was performed to evaluate multiple-agent use among patients who received a carbapenem. Other secondary objectives were analyses of the time to appropriate antibiotics and the type of first appropriate antibiotic. The time to appropriate antibiotics was calculated only for patients who received appropriate antibiotics.
Statistical analyses. The primary outcome was analyzed with the chisquare test. Other nominal data were evaluated using the chi-square test or Fisher's exact test, as appropriate. Continuous data were assessed for normalcy using the Shapiro-Wilk test and visual examination of the histogram and normal quantile plots. Continuous nonnormally distributed data and ordinal data were evaluated using the Mann-Whitney U test.
Multivariable analysis with standard logistic regression was performed to identify independent risk factors for death. Variables were entered into the model if they had biological plausibility for affecting the primary outcome and met the statistical criterion, determined a priori, of P values of Ͻ0.1 for baseline univariate comparisons. After identification of variables that met these criteria, variables that were colinear were removed from the model. All analyses were two sided, and results were considered statistically significant with P values of Ͻ0.05. Statistics were computed using SPSS software, version 11.5 (SPSS Inc., Chicago, Illinois).
RESULTS
Between October 2007 and November 2012, 302 patients who were admitted to an ICU with a blood culture positive for carbapenem-resistant Gram-negative bacteria were identified. Of the patients who were initially screened, 134 patients were excluded. The primary reasons for exclusion were polymicrobial bloodstream infections (n ϭ 58 [43%]) and breakthrough infections (n ϭ 43 [32%]). After exclusions, 168 patients were included. The case group consisted of 90 nonsurvivors at day 30 after the blood culture (53.6%), and the control group included 78 patients who survived to day 30 (46.4%) (Fig. 1) . Table 2 summarizes the baseline characteristics of survivors and nonsurvivors. In general, nonsurvivors had higher baseline levels of severity of illness than did survivors, based on both chronic and acute measures. The median age was significantly higher for nonsurvivors than survivors (62.1 versus 57.5 years; P Ͻ 0.01). CCI (score of 4 versus 3; P Ͻ 0.01), APACHE II (score of 26 versus 19; P Ͻ 0.01), and SOFA (score of 12 versus 7; P Ͻ Due to significant differences in baseline characteristics, logistic regression for the primary outcome was performed with ad- 
DISCUSSION
Carbapenem resistance among Gram-negative isolates is increasing (1). More concerning, carbapenem resistance is associated with increased mortality rates, as seen with multiple Gram-negative pathogens, including Acinetobacter baumannii, Klebsiella pneumoniae, and Pseudomonas aeruginosa (4) (5) (6) (7) (8) . Our study reports a 30-day mortality rate of 53.6%, which is similar to previous studies (8, 24) . Unfortunately, there is very limited information to date regarding the optimal treatment for carbapenem-resistant Gram-negative bacteremia. There are suggestions in the literature that combination therapy with multiple agents may be effective (11) (12) (13) ; however, previous studies have differed in their definitions of combination therapy. For instance, the definition in one study considered combination therapy as administration of Ն2 agents with Gram-negative activity for 48 h, regardless of the appropriateness of therapy (11), while other studies defined combination therapy based on in vitro activity, often including sensitivity to carbapenems based on breakpoints that have been subsequently revised by the CLSI (12, 13) . Other studies defined combination therapy based on specific drug regimens without consideration of the susceptibility of the individual pathogen (25, 26) . No study to date has defined combination therapy based on multiple appropriate agents, and thus the results of this study will provide additional insights into the role of combination therapy for carbapenem-resistant Gram-negative bacteremia, particularly for critically ill patients. The current study found that the use of combination therapy was more common for survivors than for nonsurvivors. Even after adjustment for baseline characteristics, combination therapy was independently associated with decreased risk of death (OR, 0.19 [95% CI, 0.06 to 0.56]; P Ͻ 0.01). Although this result has seemingly been reported previously, the use of combination therapy (19%) was much lower in the current study than in previous studies (33 to 63%) (11) (12) (13) 25) . This is likely attributable to the definition of combination therapy, which was based on the in vitro activity of noncarbapenems in the current study. This definition of combination therapy was chosen because the appropriateness of therapy for Gram-negative infections has been shown consistently to be associated with decreased mortality rates, particularly for critically ill patients (27) (28) (29) . Additionally, unlike in previous studies, all included patients had carbapenem MICs of Ͼ2 g/ml; therefore, the use of a carbapenem was not considered a component of combination therapy. The rate of multiple-agent use, considered the administration of Ն2 agents with Gram-negative activity for more than 48 h, regardless of the appropriateness of therapy, was considerably higher (83%) than previously reported rates and likely was influenced by previous literature suggesting a benefit with multiple agents. Although combination therapy was associated with decreased mortality rates, our study did not find a difference in mortality rates based on multiple-agent use, nor was there a difference in multiple-agent use in the subgroup of patients who received a carbapenem. This implies that the association of combination therapy and improved survival rates is lost if the appropriateness of therapy, or in vitro activity, is not considered. This finding is in opposition to previous studies, which found significant decreases in mortality rates with combination therapy defined similarly to our definition of multiple-agent use (11) (12) (13) . These different results may be explained by the different populations studied, with the current study being performed specifically with critically ill patients with pathogens with very high carbapenem MICs. Although previous studies included critically ill patients, the proportions of critically ill patients were much smaller than in the current study (42 to 72% versus 100%) (11) (12) (13) .
Previously used definitions of combination therapy, which were not based on in vitro activity, were supported by pharmacodynamic data from both humans and animals that demonstrated the possibility of in vivo target attainment despite in vitro resistance (14) . The goals used in those pharmacodynamic studies were traditional target attainment parameters (e.g., 40% time above the MIC for carbapenems) based on pharmacokinetic parameters of the general population. However, it is well known that critically ill patients exhibit altered pharmacokinetics, such as increased volume of distribution, compared with the general population (30) . Because all patients included in the current study had MICs of Ͼ2 g/ml for a carbapenem and the median MICs for the most common organisms ranged from 8 to 16 g/ml, it is highly unlikely the traditional target attainment parameters were met, due to the critically ill status of the patients and their elevated MICs. Additionally, there are suggestions in the literature that higher targets are needed for critically ill patients, such as 100% time above the MIC or goal concentrations of Ͼ4 times the MIC (31, 32). Thus, it is possible that the use of multiple agents including a carbapenem may be effective regardless of in vitro activity for non-critically ill patients but carbapenems are not beneficial as a component of combination therapy for critically ill patients because optimal pharmacodynamic targets are not attained.
Although the current study specifically evaluated the effects of combination therapy, the identified risk factors for death within 30 days have significant implications for the prevention and treatment of carbapenem-resistant Gram-negative bacteremia (8, 24, 33, 34) . Additionally, because the current study included only ICU patients, the risk factors further inform the treatment of this patient population, for which ICU admission is already a wellknown risk factor for death (4, 5) . The current study found that, in addition to combination therapy, independent risk factors associated with 30-day mortality rates were older age, higher SOFA score, and receipt of appropriate antibiotics. These risk factors were similar to those seen in previous studies. Older age has been consistently identified as a risk factor for death among patients with carbapenem-resistant Gram-negative bacteremia (13, 33, 34) . Although higher SOFA scores have not been identified in prior studies as a significant risk factor for death, other acute severity-of-illness markers, such as APACHE II and APACHE III scores, have been recognized (11, 13) . Finally, receipt of appropriate antibiotics was shown in previous studies to be significantly associated with decreased risk of death with carbapenem-resistant Gram-negative bacteremia (4, 12, 13) . Taking all of these factors into consideration, in areas with local susceptibility patterns that suggest high carbapenem resistance, it may be important to initiate therapy against carbapenem-resistant pathogens early for patients with risk factors such as ICU admission, older age, and higher SOFA scores.
There are several limitations to our study. First, this was a retrospective medical record review, and the study is subject to the inherent flaws of this design; we were reliant on the accuracy of medication administration records for our primary outcome measure, and incomplete medical records were reasons for exclusion for several patients. Second, this was a single-center study, and institutional practices may limit the generalizability. For instance, our institution does not utilize an extended-infusion dosing strategy for carbapenems, and thus the impact of multipleagent use with extended-infusion carbapenem administration cannot be determined. Additionally, because the study spanned 5 years, institutional practice changes occurred during the period, with the most significant being the CLSI breakpoint changes for carbapenems. Because of this discrepancy, we chose to use the most conservative and most recent breakpoints (16) . However, some of the isolates were reported by the microbiology laboratory as susceptible to carbapenem, based on the MIC criteria in place at the time, which could have influenced the clinician's decision to use a carbapenem. In fact, 56% of patients received a carbapenem despite in vitro resistance based on the current breakpoints; this may be attributable to the breakpoint changes. Finally, despite efforts to collect data on biologically plausible factors and to adjust for baseline differences, there may be additional unaccounted differences between groups that influenced the clinicians' decisions to administer monotherapy or combination therapy.
In conclusion, these data suggest that combination therapy with two or more agents with in vitro activity is associated with improved survival rates for critically ill patients with carbapenemresistant Gram-negative bacteremia. However, the association with improved survival rates is lost if in vitro activity is not considered. These data are important as they are the first to define combination therapy based on in vitro activity without the use of a carbapenem in this population. Larger prospective studies are needed to further investigate the role of combination therapy for carbapenem-resistant Gram-negative bacteremia in ICU patients.
